1 Contamination of fresh produce with pathogenic Escherichia coli, including Shigatoxigenic E. 2 coli (STEC), represents a serious risk to human health. Colonisation is governed by multiple 3 bacterial and plant factors that can impact on the probability and suitability of bacterial growth. 4 Thus, we aimed to determine whether the growth potential of STEC for plants associated with 5 foodborne outbreaks (two leafy vegetables and two sprouted seed species), is predictive for 6 colonisation of living plants as assessed from growth kinetics and biofilm formation in plant 7 extracts. Fitness of STEC was compared to environmental E. coli, at temperatures relevant to 8 plant growth. Growth kinetics in plant extracts varied in a plant-dependent and isolate-9 dependent manner for all isolates, with spinach leaf lysates supporting the fastest rates of 10 growth. Spinach extracts also supported the highest levels of biofilm formation. Saccharides 11 were identified as the major driver of bacterial growth, although no single metabolite could be 12 correlated with growth kinetics. The highest level of in planta colonisation occurred on alfalfa 13 sprouts, though internalisation was 10-times more prevalent in the leafy vegetables than in 14 sprouted seeds. Marked differences in in planta growth meant that growth potential could only 15 be inferred for STEC for sprouted seeds. In contrast, biofilm formation in extracts related to 16 spinach colonisation. Overall, the capacity of E. coli to colonise, grow and internalise within 17 plants or plant-derived matrices were influenced by the isolate type, plant species, plant tissue 18 type and temperature, complicating any straight-forward relationship between in vitro and in 19 planta behaviours. 20 3 Importance (149 / 150 word) 21 Fresh produce is an important vehicle for STEC transmission and experimental evidence 22
Introduction 854) = 43.15; p < 0.001). A principal components analysis (PCA) showed that the first five 146 components accounted for ~ 85 % of variance, and 50 % of the variance for all detectable 147 polar metabolites (n=116) was attributed to PC1 and 2 ( Fig. 2B ). This was supported by 148 significant positive correlation for leaf lysates and apoplast extracts of lettuce and spinach (R 2 149 > 0.97), a weak correlation for the root lysates based on species (R 2 0.542 -0.757), with no 150 significant correlation between any species for the tissues. 151 The influence of plant extract metabolites on E. coli growth 152 To relate any specific plant metabolites to bacterial growth, a correlation analysis was carried 153 out between the plant extracts growth rates for two E. coli O157:H7 isolates (Sakai and 154 ZAP1589) and the assigned metabolites. Several organic acids positively associated with 155 maximal growth rates (µ), although there was a temperature-dependent effect. Metabolites 156 associate with growth at 18 °C for isolate Sakai were galactosyl glycerol, threonic acid, and 157 oxoproline (p ~ 0.04); at 20 °C, malic acid, fumaric acid and quinic acid (p = 0.014 -0.048); 158 and at 25 °C oxalic acid (p = 0.009), aspartic acid (p = 0.038), glutamic acid (p = 0.046), 159 coumaric acid (p = 0.011) and uridine (p = 0.011). Chlorogenic acid (trans-5-O-caffeoyl-D-160 quinate) was consistently associated with growth for all temperatures (p 0.04 at 18 o C, p 0.004 161 at 20 o C, and p 0.04 at 25 o C). E. coli isolate ZAP1589 gave similar results, although there was 162 also a bacterial isolate effect as there were no significant associations at 20 °C. Therefore, no 163 single metabolite was identified as the major factor influencing E. coli growth rate, with a 164 significant impact from growth temperature. 165 The main metabolite groups were then investigated as groups that could influence bacterial 166 growth, by generating defined 'artificial' growth media comprising the main plant extract 167 10 metabolites. The six most abundant metabolites were selected from lettuce apoplast or sprout 168 extracts to represent contrasting metabolite profiles (Table 3) . Each of the major groups of 169 saccharides (SA), organic acids (OA) or amino acids (AA) were assessed independently by 170 dilution, to restrict their effect, and at temperatures relevant to lettuce (18 °C) and sprouts (25 171 °C). Maximal growth rates were similar in the sprout and lettuce extract artificial medium ( Fig.   172 3), although reduced compared to the 'complete', natural extracts ( Fig. 1) . Growth rates were 173 significantly reduced when the concentration of the saccharide group (SA) was reduced for 174 both artificial media (all p < 0.0049), while restriction of the amino acids (AA) or organic acids 175 (OA) had no impact (Fig. 3 ). The SA-dependent effect occurred for all E. coli isolates, although 176 there were also significant isolate dependencies (two-way ANOVA, F (16, 28637) = 39.5; p < 177 0.0001 at 25 °C; two-way ANOVA, F (4, 9544) = 401.3; p < 0.0001 at 18 °C).
178
The influence of plant extracts on E. coli biofilm formation 179 On host tissue in planta, bacterial colonies are more likely to be present in biofilms rather than 180 as single cells. Therefore, the influence of the plant extracts of the leafy vegetables was tested 181 for E. coli biofilm ability in isolation, i.e. on polystyrene surfaces. Spinach leaf lysates and root 182 lysates were the only extracts that induced biofilm for all isolates, albeit minimal for isolate 183 MG1655 (p < 0.0011, compared to isolate MG1655) ( to leaves, with similar levels on spinach and lettuce roots, e.g. 2.53 ± 0.97 and 2.69 ± 0.88 log 201 (cfu g -1 ) at day 14, respectively ( Fig. 4A, B ). In planta colonisation of sprouted seeds by the 202 two E. coli O157:H7 reference isolates was quantified for plants grown under conditions that 203 mimic industry settings (hydroponics at 25 C, three days) ( Fig. 4C -F). A low inoculation dose 204 of 10 3 cfu ml -1 was used and total viable counts on day 0 were estimated by MPN since they 205 fell below the direct plating detection threshold. Total counts of isolate Sakai increased by 4.5 206 log (cfu g -1 ) on alfalfa sprouts and 3 log (cfu g -1 ) on fenugreek sprouts, between 0 and 2 dpi.
207
Viable counts for isolate ZAP1589 were generally lower on both sprouted seeds compared to 208 isolate Sakai, but still reached 6.00 ± 0.253 log (cfu g -1 ) on alfalfa 2 dpi.
209
Internalisation was also assessed since endophytic behaviour is a feature of E. coli O157:H7 210 colonisation of fresh produce plants and growth potential could be reflected by growth in the 211 apoplast washings. Internalisation of isolate ZAP1589 occurred to higher levels in spinach 212 12 roots compared to lettuce roots ( Fig. 4A, B ), although the prevalence was similar in both plant 213 species (60 % and 58.3 % of plants contained endophytic bacteria). In contrast, internalisation 214 in sprouts only occurred on three occasions in all the experiments: isolate Sakai in alfalfa (1.07 215 log (cfu g -1 )) and fenugreek (1.53 log (cfu g -1 )) on day 1, and isolate ZAP1589 in alfalfa (1.87 216 log (cfu g -1 )) on day 2. The prevalence was 7.1 % (1/14 samples positive), although the viable 217 counts were close to the limit of detection by direct plating. Therefore, internalisation of E. coli 218 O157:H7 isolates Sakai and ZAP1589 appeared to be a rare event on sprouted seeds, 219 although they colonised the external sprout tissue to higher levels than on lettuce or spinach.
220
Correlating in planta colonisation with plant extract growth rate kinetics 221 To relate growth kinetics in extracts with in planta growth, growth rates were estimated for in 222 planta growth. This was possible for sprouted seeds since colonisation levels increased over 223 time ( Fig. 4 ). Alfalfa plants supported significantly faster growth rates for both E. coli O157:H7 224 isolates compared to fenugreek, at 2.23 ± 0.213 log cfu g -1 per day (R 2 = 0.720) and 1.50 ± 225 0.0913 log cfu g -1 (R 2 = 0.863) for Sakai on alfalfa and fenugreek sprouts, respectively, and for 226 isolate ZAP1589, rates of 2.24 ± 0.159 log cfu g -1 (R 2 = 0.822) and 0.710 ± 0.116 log cfu g -1 (R 2 227 = 0.464) per day on alfalfa and fenugreek sprouts, respectively. The difference in growth rate 228 between the isolates on fenugreek sprouts was significant (p < 0.0001). Although in planta 229 growth rates for E. coli isolates Sakai were estimated on spinach tissues (leaves, roots or 230 internalised in leaf apoplast) or lettuce (leaves, roots) from low inoculation dose (10 3 cfu ml -1 ) 231 (73) these were non-significant since growth over the 10 day period was minimal or completely 232 constrained, with a high degree of plant-to-plant variation. Growth rate estimates were not 233 13 made when a high starting inoculum was used since the colonisation levels decreased over 234 time ( Fig. 4 ).
235
Comparison of the in planta and extract growth rate estimates were made for both E. coli 236 O157:H7 isolates on sprouted seeds (at 25 C) or in spinach and lettuce (at 18 C) ( Fig. 5 ). A 237 positive correlation occurred for growth rate estimates in the sprouted seeds (R 2 = 0.516), 238 although this was not significant. Since in planta growth in spinach or lettuce tissues was 239 minimal, there was no correlation with growth rates in corresponding extracts. Therefore, the 240 restrictions in bacterial growth that occurred with living plants meant that growth rates in 241 extracts could not be extrapolated to in planta growth potential for leafy vegetables, but did The potential for food-borne bacteria to grow in fresh produce food commodities is a key 246 consideration in quantitative risk assessment. Factors that influence bacterial growth are the 247 plant species and tissue, the bacterial species or isolate, and the surrounding environment.
248
The growth potential of a bacterial population consists of proportion of the growing sub- show an average as high as ~ 1000 mg / 100 g fresh weight (47) and correlated with growth for 283 isolate Sakai at 25 C. Amino acids levels were substantially higher in sprouted seed extracts 284 compared to the leafy vegetables, which is likely a reflection of different developmental stages 285 of the plants (4). It was notable that the artificial media did not support equivalent growth rates 286 to the 'complete', natural extract media, indicating that other, minor nutrients in the extracts 287 were utilised for maximal bacterial growth and also need to be accounted for in growth 288 dynamics.
289
Bacteria including STEC, tend to form biofilms in association with plant tissue (11, 73, 74).
290
Here, a risk ranking could be inferred from biofilm formation in the extracts, with spinach roots 291 ranked highest. Curli is an important biofilm component for STEC associated with plants (7), 292 but other biofilm components are likely to be responsible for the biofilm formation in extracts, 293 since isolate Sakai did not form biofilms in spinach apoplast extract in vitro but does produce 294 curli during endophytic colonisation and biofilm formation in leaves (73). This indicates that 295 specific in planta cues induce different biofilm components. Alternative biofilm components that 296 may be involved include Type 1 fimbriae, which was shown to be expressed by the 297 environmental isolates JHI5025 and JIH5039 at 20 C and promoted binding to spinach roots 298 (40).
299
Internalisation of STEC into apoplastic spaces in plants presents a hazard as pathogens 300 cannot be removed by conventional sanitation methods. However, growth potential for 301 internalised E. coli O157:H7 could not be inferred from growth in apoplast extracts since 302 endophytic proliferation was prevented or reduced in the apoplast (73). As the apoplast is a 303 habitat for plant-associated endophytes (66) and phytopathogens (63), it appears that for E. 304 coli additional factors such as the plant defence response need to be considered. The In planta colonisation of E. coli O157:H7 isolate Sakai was significantly higher than isolate 310 ZAP1589, in both leafy tissue types and on both sprouted seed species (73). In contrast, 311 growth rates in the plant extracts and in artificial media overlapped, albeit with specific extract-312 specific differences. Since isolate ZAP1589 was found to be flagellate but non-motile, this may 313 reflect a role for flagella in plant colonisation (65). ZAP1589 growth rates on sprouted seeds 314 were similar to the rates reported for other E. coli O157:H7 isolates on 2-day old alfalfa sprouts 315 (8). Growth rates of both E. coli O157:H7 isolates in the extracts was, in general, as high as 316 the environmental isolates, and almost always higher than the K-12 isolate, indicating 317 similarities in fitness levels for STEC and environmental E. coli. 318 The ability of E. coli isolates to metabolise different carbon sources varies and could contribute e.g. such as a Ratkowsky model, is not sufficient to describe E. coli growth in plant extracts, 335 although it has been used to model growth on plants (43, 60, 61) . 336 In conclusion, growth potential in planta was described in part, by growth rates in plant 'sprout extract' media was generated by adding each group of constituents (Table 3) Table 1 Bacterial isolates used in this study 680 ST = sequence type, Stx = Shiga toxin presence, nd = not determined, n/a = not applicable.
681
Isolate Sakai used here is the stx-inactivated derivative (10 
737
Example of a correction with E. coli isolate JHI5039 grown in lettuce leaf lysate, 18 °C. A) 738 DMFIT could not fit a non-linear curve on data (n = 193) with a decrease in the stationary 739 phase (R 2 adj = 0.001). B) Data was cut off manually (n = 49) to achieve better fits (R 2 adj = 740 0.996). A complete list of fits including data points are in Supplemental Table 3 . 
